Peste des petits ruminants virus (PPRV) causes a contagious disease of high morbidity and 27 mortality in global sheep and goat populations and leads to approximately $2 billion USD in 28 global annual losses. PPRV is currently targeted by the Food and Agricultural Organization and 29 World Animal Health Organization for global eradication by 2030. To better control this disease 30 and inform eradication strategies, an improved understanding of how PPRV risk varies by age is 31 needed. Our study used a piece-wise catalytic model to estimate the age-specific force of 32 infection (FOI, per capita infection rate of susceptible hosts) among sheep, goats, and cattle from 33 a cross-sectional serosurvey dataset collected in 2016 in Tanzania. Apparent seroprevalence rose 34
specific husbandry practices affect PPRV transmission.
Introduction

Results
141
Demographic characteristics of the 7,496 samples analyzed were published previously 142 [19], a subset of which are included in Table S1 . Overall, there were 1,869 (24.9%), 757 143 (10.1%), 666 (8.9%), 483 (6.4%), 3,307 (44.1%), and 414 (5.5%) animals in the age groups 1-6, 144 respectively (Fig 2, Table S2 ). For each species, the largest number of sampled animals was 145 found in the fifth age group (full mouth with no wear), followed by the first age group 146 (temporary teeth).
147
Age-seroprevalence curves, for both apparent and true seroprevalence (adjusted for 148 cELISA test specificity and sensitivity, see Methods), are presented in Fig 2. Seroprevalence rose 149 with age. In the oldest age cohort, observed seroprevalence for sheep, goats, and cattle reached 150 53.6%, 46.8%, 11.6%, respectively, while the highest adjusted, true seroprevalence reached 151 52.7%, 52.8%, and 39.2%, respectively. Both apparent and true sheep and goat seroprevalence 152 was significantly different than cattle seroprevalence (p < 0.001). Notably, after adjustment the 153 true cattle seroprevalence was 3.4 times the apparent cattle seroprevalence. 154 For most age groups (Fig 2, Table S3 ), females of any species had a higher apparent 155 seroprevalence than males, except for male goats in the second and last age group; however, the 156 only significant sex differences in apparent seroprevalence were among goats (p < 0.02) and 8 162 Pastoral animals had higher apparent and true seroprevalence in each age group (Fig 2, 163 Table S4), with the oldest animals reaching an apparent seroprevalence of 67.2%, 77.9%, and 164 20.5%, and highest true seroprevalence of 68. 2%, 75.3%, and 56% in sheep, goats, and cattle, 165 respectively. The oldest agropastoral animals reached an apparent seroprevalence of 10.0%, 166 9.4%, and 4.0%, and highest true seroprevalence of 14. 0%, 13.5%, 16.1% in sheep, goats, and 167 cattle, respectively. In pastoral systems, the oldest sheep and goats were significantly different 168 from cattle (p << 0.001) but not from each other (p = 0.22). In agropastoral systems there was no 169 significant difference between any pair of species (p > 0.28). Within each species, apparent 170 seroprevalence was significantly different between management systems at each age group (p 171 <0.05) with the exception of cattle in age group 2 (p = 0.44). After adjustment, all comparisons 172 were significantly different. Strikingly, the oldest cattle seroprevalence estimate tripled in 173 pastoral systems and quadrupled in agropastoral systems.
174
Nested models with different combinations of neighboring age intervals were compared (Tables S8-S10 ). The best fit models for each species are presented in Figs 4-6, 177 with age-specific FOI estimates represented as a step function. For sheep, the best fit model had 178 two age groups of 1-1.5 and 1.5-8 years, with the second age group having the highest FOI. For 179 goats, the best fit model had three groups of 1-1.5, 1.5-5, and 5-8 years with the middle age 180 group having the highest FOI and the first age group having the second highest. For cattle, the 181 best fit model had four age groups of 1.5-2.5, 2.5-3.5, 3.5-4.5, and 4.5-10 years, with a clear FOI 182 peak in the 3.5-4.5 age group, followed by the 2.5-3.5 age group. Profile confidence intervals 183 (see Methods) around these best fitting models overlapped, indicating the FOI estimates for each 184 age group were not significantly different. When stratified by sex ( Fig 5) , the best fit models are 9 185 constant for males of all species as well as female sheep, but variable for female goats (3 age 186 groups) and cattle (4 age groups). However, the confidence intervals for the sex-and age-specific 187 FOI estimates overlapped within each of these models. When stratified by management system 188 ( Fig 6) , the best fit models had varying numbers of age groups, all with overlapping FOI 189 estimates, with the exception of pastoral cattle, which had a significantly different FOI estimate 190 in the 2.3-3.5 year age group when compared to the other two age groups in the best fit model.
191
Lastly, logistic regression revealed that the impact of management system on PPRV 192 seroconversion as measured by risk ratio was higher than all but the oldest age group ( Fig S3) , 193 which had comparable impact when the confidence intervals were considered. The risk ratio for 194 each species increased with age group as cumulative exposure increased over time. Our study has demonstrated that i) PPRV seroprevalence increased across age for all 199 species consistent with a pattern of endemic infection in which individuals' cumulative exposure 200 increases with age, ii) an age-varying model with a variable number of age groups by species 201 provided a better fit to the data although age-specific FOI estimates were not significantly 202 different from each other in most models, and iii) FOI estimates for all species were highest in 203 younger age groups. PPRV seroprevalence was significantly higher in sheep and goats than 204 cattle. Notably, the adjusted true cattle seroprevalence was triple the apparent seroprevalence 205 (quadrupled in agropastoral, and tripled in pastoral systems). In the case of pastoral cattle, the 206 adjustment resulted in true seroprevalence of 56%, which is greater than the highest reported 207 cattle seroprevalence previously reported in the literature: 41.9% and 42% [20, 21] . This result 10 208 supports our previous finding [19] that cattle may play a more important role in PPRV 209 transmission than previously realized, and also supports the importance of conducting more 210 PPRV research in other species as called for by members of the PPR Global Research and 211 Expertise Network (GREN) [4] . Across all ages, true PPRV seroprevalence was higher in 212 females than in males, and higher in pastoral management systems than agropastoral systems.
213
This was also true for the FOI for most age groups. The specific age patterns observed suggest a 214 range of biological mechanisms for future study including the relationship between PPRV 215 seroconversion and the age at first kidding, age at first market debut or mixing outside the herd, 216 age at weaning, and age at waning of maternal immunity across production systems. Although 217 the best fit models had age-varying FOI, the FOI estimates within most of these models were not 218 significantly different due to the overlapping confidence interval estimates. This suggests that 219 age may not play a strong role in PPRV transmission in the rural Tanzanian setting, with the 220 exception of the significant signal observed in 2.5-3.5 year old pastoral cattle. Cattle and pastoral 221 systems must be investigated in more detail to explain this finding. Taken together, the data 222 presented here do not support targeted control by age group, instead they suggest that targeted 223 control based on other risk factors, such as management system type, may be more effective 224 [19] . 225 These data suggest that all species experience higher FOI estimates when entering peak 226 reproductive ages. Breeding in Tanzania tends to be uncontrolled, and the biological milestones 227 of age at first breeding or kidding for sheep and goats has been estimated to range from 13.6-228 16.8 months [22, 23] and for cattle 44.6-48 months [24, 25] , with average kidding intervals of 8-229 12 months for sheep and goats [22, 26] and 12-26 months for cattle [24, 25] . These estimates align 230 well with FOI peaks seen in our maximal (Figs S1-S2) and best fit models . Outside of 12 254 protective level). Animals in this study were at least six months of age, so maternal immunity 255 was not expected to play a role in the FOI patterns presented. Nevertheless, a six age group 256 model (Fig S1, Tables S5-S7 ) and five age group model ( Fig S2, Tables S8-S10) were explored, 257 but neither were selected as the best fitting model among the nested models. FOI differences 258 between these two models may be due to i) age misclassification among the youngest age group 259 (i.e. they were younger than assessed) or ii) extended maternal immunity beyond the average 260 weaning age (sheep and goats: 5 months [26], cattle: 7 months [24]) due to prolonged weaning or 261 a differential length of maternal immunity provided by naturally infected mothers (expected in 262 our sample) versus vaccinated mothers [13, 14, 35] . Future experiments are needed to clarify the 263 role of immunity type and breed on maternal immunity duration as well as to examine PPRV 264 transmissibility to young via milk [36] or reproductive tract secretions.
265
The finding that the apparent and true age-seroprevalence curves did not rise above 60% previous work [19] . Additionally, while the analytical approach taken in this study can identify 294 which age cohorts are responsible for the majority of transmission, it cannot distinguish whether 295 PPRV infection is occurring mainly within a given age class or whether it originates from a 296 different age class [41] . Misclassification of age in this study may have increased variation in 297 FOI estimates in the last age group, by classifying more animals in the second to last age group 298 (full mouth) than the last age group (full mouth plus wear) due to the difficulty of assessing age 299 by variation in dental wear in full mouthed animals.
300
This study has demonstrated that the force of infection of PPRV varies significantly by 301 age for pastoral cattle and that non-significant yet age-varying force of infection patterns are 302 present among sheep, goats, and cattle. Management practices and biological milestones that 303 occur near the identified force of infection peak ages should be targeted for further study. These 304 data do not support targeted control by age group. Instead they suggest that targeted control 305 based on management system may be more effective to achieve PPRV eradication. households and 404 household surveys were conducted using multistage random sampling.
314
These households were from villages classified by livelihood type as either 'pastoral' (P) 315 villages, which were those in which livestock rearing was considered the primary livelihood 316 activity, or 'agropastoral' (AP), which were those villages in which a mix of crops and livestock 317 were important livelihood activities. A maximum of 10 cattle, 10 sheep, and 10 goats per 318 selected household were randomly selected for sampling as they moved through a crush. Among 319 cattle, five animals between 6-18 months of age and five animals over 18 months of age were 320 selected. Among sheep and goats, five animals between 6-12 months of age, and five animals 321 over 12 months were selected. At least two of the animals were male in each of the groups, and 322 all animals were old enough to be expected to lack maternally derived PPRV immunity [13] .
323
Animal age was assessed by dentition, namely incisor tooth eruption and wear [42] [43] [44] . 324 This age estimation method was used because exact recorded ages were not available. Among 325 samples containing complete species, sex, age, and location data, a total of 7,538 serum samples 326 were tested in duplicate using a commercial competitive ELISA kit (Pirbright Institute, Surrey, 327 England) directed against the hemagglutinin protein of PPRV [45, 46] . Samples were heat 328 inactivated (56° C, 2 hours) prior to shipment to the University of Glasgow for testing. Forty-two 329 samples (0.6% of total) were removed from analysis as they were from households that self-330 reported PPRV vaccination in the past 24 months. However, 427 samples (5.7% of total) were 331 retained that lacked a household survey from which to discern self-reported PPRV vaccination as 332 exclusion of these samples yielded qualitatively and quantitatively similar results. Our final 333 analysis sample included 7,496 animals (2,080 sheep, 2,419 goats, 2,997 cattle).
334
To understand the role of age heterogeneities in PPRV transmission, we calculated the 335 force of infection (FOI), the rate of infection of susceptible hosts, using the catalytic framework 336 [47]. The catalytic model provides the framework for calculating the FOI from age-specific 337 seroprevalence data from cross-sectional surveys [47] [48] [49] . Given that the rate at which immunity 338 builds up with age depends on rates of circulation, this approach allows us both to elucidate the 339 rate of circulation (FOI, λ) and to determine which age classes are most important for continued 340 transmission. According to the catalytic model, age-specific seroprevalence, P(a), can be 341 expressed as:
342
(1)
where (1-P(a)) is the proportion of susceptible hosts of age a and λ(a) is the age-specific FOI.
344
Integrating and rearranging yields: 
